Abstract. The High-Energy Storage Ring (HESR) of the future International Facility for Antiproton and Ion Research (FAIR) at GSI in Darmstadt is planned as an antiproton cooler ring in the momentum range from 1.5 to 15 GeV/c [1] . It has to provide small momentum spread down to 10 -5 and intensities up to few times 10 11 for internal experiments. To reach these beam parameters very powerful phase space cooling is needed. The effect of beam-target interaction, intrabeam scattering, space charge, and beam-wall interaction induced by ring impedances has to be investigated. Moreover benchmarking of the simulation codes used for design work of the HESR with experiments at existing accelerator facilities is of major importance. In this paper the status of the design work for this project is presented.
INTRODUCTION
The High-Energy Storage Ring (HESR) is dedicated to the field of high-energy antiproton physics with high-quality beams over a broad momentum range from 1.5 to 15 GeV/c to explore the research areas of charmonium spectroscopy, hadronic structure and quark-gluon dynamics. An important feature of the new facility is the combination of phase space cooled beams with internal targets for highprecision experiments. Demanding requirements for high intensity and high quality beams are combined in two user modes: high luminosity and high resolution respectively.
The design work for the HESR is organized in a consortium with scientists from FZ Jülich, GSI Darmstadt and TSL Uppsala. In this paper an overview of the design work is given. Further details can be found in the Technical Report of the FAIR facility [2] .
DESIGN ISSUES AND EXPERIMENTAL REQUIREMENTS
The HESR lattice is designed as a racetrack shaped storage ring, consisting of two 180° arc sections connected by two long straight sections (see Fig. 1 ). One straight section will mainly be occupied by the electron cooler, injection kickers and RF cavities.
The other section will host the experimental installation with internal supersonic H 2 gas jet and/or frozen H 2 pellet target. According to the Conceptual Design Report (CDR) [1] the HESR is a storage ring for one internal interaction point only, equipped with the PANDA detector [3] . The antiproton beam is accelerated to the desired energy in SIS100 before being injected and stored in the HESR.
The following design issues have to be taken into account to ensure beam quality and luminosity in the HESR cooler ring to be well suited for the experimental demands:
• Powerful beam cooling counteracting beam heating due to beam-target interaction and intrabeam scattering.
• Low impedance design of kicker, beam diagnostics, and vacuum chamber (especially with respect to modifications required for beam cooling and experimental devices).
• Highly efficient low-loss antiproton injection and accumulation.
• High accuracy and stability of beam parameters.
In table 1 specified injection parameters, experimental requirements and operation modes are summarized. Beam dynamics simulations for injection, accumulation and beam cooling as well as for lattice design and technical layout of different devices take these parameters as a base. Recently two other groups (ASSIA [4] and PAX [5] ) expressed interest for spin physics experiments in the FAIR facility. A workshop on Polarized Antiprotons at FAIR was organized, concluding that a Technical Proposal should be written for further evaluation. A dedicated Antiproton-Polarizer ring (AP) with a large acceptance angle would be needed [6] . As a consequence polarized beams would have to be accelerated in the HESR. Specific devices for polarization preservation and monitoring would have to be implemented and additional interaction points integrated. This would also require a synchrotron mode of the HESR in addition to the storage ring, leading to modifications of the ring design.
LATTICE AND MAGNET DESIGN
Minimizing of the ring circumference with respect to cost optimization and size of the designated construction area plays an important role for lattice design. Different magnet designs have been considered that could suit these demands. RHIC-type superconducting "cos ¢ "-magnets installed in RHIC interaction regions [7] seemed to be a good starting point for the layout. Compared to RHIC the HESR energy is much lower. Therefore super-conducting dipole magnets have either to be curved or rather short to get an acceptable sagitta. Two different types of dipole magnets were considered (see table 2a).
After intense discussion in the consortium, consulting different magnet companies it was concluded, that short straight magnets can be realized with considerably low R&D effort and cost. Except changing the length of the magnet, all other modifications of BNL-type dipole like aperture, maximum field, and curvature would require highpriority R&D work and proto-typing. Results of design work done for arc quadrupoles and sextupoles are summarized in table 2b. One critical parameter for the ring length is the so-called technical gap between super-conducting magnets. This value includes the difference between physical magnet length and effective field length, space need for cryostats, junctions and supply. Experiences at other laboratories and magnet manufacturers indicate that a value of 0.5m would be very demanding. In RHIC the distance is about 1.4m, and in LHC two cryostats are 1m apart. A distance of 1m seems realistic. Different lattice layouts utilizing super-conduction arc magnets require circumferences of up to roughly 580m. A lattice design with conventional normal-conducting magnets would have a total length between 660m and 700m, depending on the lattice choice. Table 3 compares different lattice types, starting with the triplet design from the CDR, a 4-fold symmetry design with long curved dipole magnets and a 6-fold symmetry design utilizing short straight dipole magnets [8] . Special requirements for the lattice are dispersion free straight sections and small betatron amplitude in the range of 1m at the internal interaction point, adjustable momentum compaction factor £ to reduce the effect of beam instabilities at higher energies due to longitudinal impedances, and optimized ion optical conditions for beam cooling (e.g. matched betatron amplitudes at pickups and kickers of the stochastic cooling system and in the electron cooler section). The arc optics of the CDR lattice differs from the one provided by the two other lattices. It has much smaller maximum dispersion, but the variation range of the momentum compaction factor is limited. The maximum betatron amplitude in the arcs is roughly the same for all three lattice types. The super-conducting 6-fold symmetry lattice as shown in Fig. 1 with magnet parameters from table 2 is the first choice for the HESR. The ion optical layout and features of the lattice design are presented in a separate contribution by Y. Senichev (FZ Jülich) at this conference. Technical and ion optical integration of experimental installations like the PANDA including detector magnet and dipole chicane is done in close cooperation with the corresponding experimental collaboration [1] . 
BEAM COOLING SYSTEMS AND DIAGNOSTICS
In the HESR beam cooling is needed for beam accumulation after injection, compensation of beam heating due to beam interaction with internal targets and finally to compensate for other beam heating processes degrading the beam quality. A beam cooling scenario utilizing the combination of high-energy electron and high-bandwidth stochastic cooling is being worked out, since these two cooling techniques to some extent are complementary concerning user modes and beam energies.
A feasibility study for magnetized high-energy electron cooling was presented by the Budker Institute for Nuclear Physics (BINP) [9] . An electron beam up to 1A accelerated in special accelerator columns to energies in the range from 0.45 to 8 MeV is proposed for the HESR. The system is charged via a 10 MeV H -cyclotron. The cooling section consists of a 30m long 0.5T super-conducting solenoid with high-quality field. The electron beam diameter ranges from 6 to 10mm in the cooling section. After Coulomb interaction with the circulating antiproton beam the electron beam is electrostatically bent back to the high-voltage terminal to ensure high-efficiency beam energy recovery. Further design work for the electron cooler is lead by TSL in cooperation with other institutes like the Budker Institute, Fermi National Accelerator Laboratory (FNAL) and industry [10] . Major R&D issue is the reliable high-voltage generation for magnetized electron beam acceleration.
The main system and performance parameters of the stochastic cooling system using quarter wave loop pickups and kickers were determined. Two pickup tanks are located at the entrance and exit of a straight section diagonal to the location of the two kicker tanks in the opposite straight section, connected with two signal lines (see Fig. 1 ). An important ion optical requirement is a betatron phase advance of an odd integer of /2 between pickup and kicker. Longitudinal cooling is accomplished utilizing the filter method. In general a very broad cooling bandwidth should be chosen for an effective sampling of the beam particles that leads to higher cooling rates. However the upper frequency range of the cooling system is restricted when considering the filter cooling method. The layout of a stochastic cooling system (up to 8 GHz bandwidth) with independent cooling in all there dimensions is investigated.
Several activities for beam diagnostics are ongoing within the 6 th European frame work program [11] , an INTAS research project [12] , and in collaboration with JINR Dubna. Major R&D issue is the design of fast, high precision and low impedance pickups working in cold and warm environments. The final design choice is mainly based on the required resolution in space and time and available locations in the ring. The presently available numerical models to calculate beam equilibrium parameters of cooled beams interacting with internal targets will be further improved. Study of equilibrium, cooled beam distributions in presence of intra-beam scattering, internal target scattering, non-linear space charge, simulation and control of collective effects in cooled beams induced by ring impedances and trapped ions are important tasks covered by an INTAS research project [14] . A beam dynamics software library will be set up containing more sophisticated modules and simulation tools, benchmarked with existing cooler storage rings like CELSIUS, COSY, ESR, etc.
COOLED BEAM EQUILIBRIA
Several collective effects have to be taken into account to estimate the beam quality of cooled beams feasible in the HESR, like space charge, synchrotron tune depression and the impact of ring impedances. These effects get severe when approaching certain beam instability limits. Several efforts have been started to determine these limits by either utilizing analytic formulas or particle tracking codes. In parallel activities to investigate provisions are ongoing, most promising are:
• Flexibility of the lattice with negative momentum compaction factor. At high momentum the proposed HESR lattice will improve longitudinal collective thresholds, since the slip factor is a factor 50 higher than for the lattice from the CDR.
• Design of a broadband feedback system.
Especially at low energy emittances of less that 0.25 mm mrad a feedback system with 300 MHz frequency range for stabilization is needed. Beam feedback is also required to damp coherent betatron oscillations during beam accumulation.
• Calculation and minimization of ring impedances, including insertions like cooling tanks, experimental devices, injection kickers and diagnostic tools.
Growth rates for different instabilities in the HESR have to be estimated urgently to determine the relevance for different operation modes and requirements for feedback systems. Together with cooling and heating times operation scenarios with certain beam condition can be fixed. Part of this work is covered by the INTAS research project [14] where different groups are involved.
CONCLUSION
Major R&D issues are feasibility demonstration for magnetized high-energy electron cooling and highbandwidth stochastic cooling. In parallel tracking codes have to be improved to simulate equilibrium beam parameters for cooled beams interacting with internal targets. Requirements for broadband feedback systems have to be specified after intense study of collective effects. The HESR design work has mainly to be focused on short super-conducting magnets with high magnetic fields together with the layout of appropriate cryostats. The lattice design is well advanced and should be reviewed with respect to ion optical requirements for experiments and beam cooling. In the next step a correction scheme has to be developed to correct for field errors and misalignments of magnets.
